Fish in dryland rivers must cope with extreme variability in hydrology, temperature and other environmental factors that ultimately have a major influence on their patterns of distribution and abundance at the landscape scale. Given that fish persist in these systems under conditions of high environmental variability, dryland rivers 20 represent ideal systems to investigate the processes contributing to and sustaining fish biodiversity and recruitment in variable environments. Hence, spatial and temporal 
Introduction
Most Australian rivers flow through arid or semi-arid regions (Thoms and Sheldon 2000) and are characterised by highly variable and unpredictable flow regimes (Walker et al. 1995; Puckridge et al. 1998) (Gehrke et al. 1995; Puckridge 1997; Arthington et al. 2005) . During dry periods, fish a r e c o n f i n e d t o i s o l a t e d f l o o d p l a i n a n d c h a n n e l wa t e r h o l e s o r ' r e f u g i a ' ( Mo r t o n et al. 1995; Magoulick and Kobza 2003) , where assemblage structure is typically highly 50 variable from one waterhole and river reach to another, as observed in many of the wo r l d ' s f l o o d p l a i n r i v e r s ( R o d r i g u e z a n d L e wi s 1 9 9 7 ; T e j e r i n a - Garro et al. 1998; Puckridge et al. 2000; Jackson et al. 2001; Welcomme 2001; Arthington et al. 2005) .
. Typically the fish assemblages of dryland 45 r i v e r s e x h i b i t h i g h v a r i a b i l i t y i n a s s e mb l a g e s t r u c t u r e , o f t e n s h o wi n g d r a ma t i c ' b o o m a n d b u s t ' p a t t e r n s o f p r o d u c t i v i t y c o r r e s p o n d i n g to periods of flood and drought
During floods, many previously isolated waterholes become connected and fish can disperse over larger areas and utilise a range of newly inundated habitats (Balcombe 55 et al. 2005) . Thus spatial variability in floodplain fish assemblages is a consequence of number of interacting abiotic and biotic factors operating at various spatial scales (Arthington et al. 2005) such as hydrological and other influences on floodplain characteristics, waterhole morphology and connectivity, water quality, habitat structure and availability, competition for resources and predation (Rodriguez and 60 Lewis 1997; Welcomme 2001; Matthews and Marsh-Matthews 2003) . Temporal variability in fish assemblages is driven by similar processes that impact on fish population dynamics via immigration, emigration, spawning, recruitment and mortality (Balcombe and Closs 2004; King et al, 2004; Welcomme and Halls 2004) .
Studies on spatial and temporal patterns in fish assemblage structure in Cooper Creek, 65 a large arid-zone river in the Lake Eyre Basin, have shown that factors affecting fish assemblage structure in isolated floodplain waterbodies cannot be fully revealed by investigations conducted only at the waterhole scale. A hierarchical, multi-scale approach was needed to reveal the influence of antecedent flooding, connectivity of waterholes and waterhole habitat structure on fish assemblage structure in dry season 70 waterholes (Arthington et al. 2005) . In that study, our temporal frame of reference was restricted to a single dry season in 2001 during which temporal patterns in waterhole fish assemblages were influenced primarily by water loss and changes in habitat structure, and opportunities for recruitment were negligible.
In this paper, we examine spatial and temporal patterns in fish assemblage structure 75 within isolated waterholes in the Warrego River catchment (a relatively undisturbed catchment of the upper Murray-Darling Basin) between 2001 and 2003. We selected this two-year timeframe in order to capture a wider range of temporal variation in and March, whereas the lower regions of the catchment generally receive only 40% of 105 annual rainfall during these summer months. The hydrological regime of the Warrego River is also highly variable in time and space. Peak discharges have exceeded 690,000 ML day -1 (79,861 m 3 s -1 ) at Fords Bridge Gauge (Fig. 1 Cuttaburra Creek and other distributaries and wetlands downstream of Wyandra.
The Warrego River displays complex channel morphologies. Its headwaters are generally confined within narrow valleys because of regional geological influences.
Downstream of Cunnamulla, geological influences decrease and this is associated with marked increases in valley widths. In this region of the catchment the Warrego 120 becomes a distributary river system with multiple channels, each channel displaying typical meandering characteristics -high sinuosities, low width to depth ratios and low bed slopes. Cuttaburra Creek, a relatively large distributary channel, can convey up to 40% of the Warrego River's flow (Green, pers. comm. 2005 ) before returning flow to Yantabulla Swamp and then joining the Paroo River. The complex systems of 125 channels in the lower Warrego system distribute episodic flows to numerous permanent and semi-permanent waterholes situated along the various channels. These waterholes may contain water for several years after the last flow event. Floodplain waterholes also occur in many reaches of the effluent system, however, little is known with respect to their hydrological characteristics, particularly in terms of wetting and 130 drying regimes. Both floodplain and in-channel waterholes provide significant drought refuge for water birds and native animals during extended periods of no flow conditions within the catchment.
Fish assemblage structure was examined in four reaches of the Warrego River located at Quilberry, Glencoe, Binya and Thurulgoona (Fig. 1) further wetting and filling of the larger in-channel waterholes on the Warrego River and Cuttaburra Creek (see Fig.1 ). Thus the second sampling occasion followed a at the Cunnamulla gauge, providing substantial wetting and filling of all Binya waterholes prior to the fourth sampling occasion.
Methods
The fish assemblage within each of the fifteen waterholes was primarily sampled using three fyke nets and a single beach seine. Fyke wing width and sampling 165 duration were recorded for each net for the subsequent calculation of catch per unit effort (CPUE), where CPUE represents the sum total of individuals collected from three fyke nets set for 19h with the wing entrance 10m in width. Fyke nets (13 mm mesh) captured both small and large-bodied individuals of all species. Beach seining (9.5 mm mesh) was used as an additional method to ensure that very small 170 individuals, such as juvenile carp gudgeons (Hypseleotris) were not missed from species richness estimates. Further details of the sampling methods can be found in Arthington et al. (2005) .
Fish were identified, counted and the lengths of the four most abundant species; bony bream (Nematalosa erebi) , Hy r t l ' s t a n d a n ( Neosilurus hyrtlii), yellowbelly 175 (Macquaria ambigua) and common carp (Cyprinus carpio) were measured on all sampling trips. After counting and measurement all native fish were returned alive to the water at the point of capture.
Thirty-eight physical floodplain and waterhole variables were measured in October 2001 at three spatial scales (Table 1) using remote aerial photography or on ground 180 surveying for each of the fifteen waterholes. The definition and collection of these variables was based on methods developed by Parsons et al. (2004) and elaborated in Arthington et al. (2005) . Ten water chemistry variables were measured or water samples collected at each waterhole on all sampling occasions when fish were sampled. These included conductivity, N:P, pH, sulphates (SO 4 ), silicates (Sil), total 185 carbonates (TC), total hardness (ToH), total nitrogen (TN), total suspended solids (TSS) and turbidity (Tur). Water samples were collected at the surface and analysed using standard methods (APHA 1975) .
Data Analysis
Variations in fish assemblage structure and species richness across waterholes and 190 sampling times were analysed using CPUE data based on fyke net catches. CPUE data were also used as a measure of total fish abundance (all species) and the abundance of individual species per waterhole. Species richness for each waterhole was based upon the data collected by means of both sampling methods.
Assemblage patterns were analysed using ordination based upon hybrid non-metric 195 multi-dimensional scaling (MDS). MDS plots were generated from Bray-Curtis similarity matrices produced from log 10 (CPUE + 1) and species presence/absence data. One-way analyses of similarities (ANOSIM) based upon the same similarity matrices were used to identify assemblage differences among the four sampling Table   1 ). The environmental similarity matrices were based upon normalised Euclidean To examine patterns of body length structure and possible recruitment in relation to 220 sampling time and antecedent hydrological events, size frequency histograms were constructed for the four most common and abundant fish species. Recruitment patterns were examined only at the Binya reach (Fig. 1) 
Results

Fish assemblage patterns across four reaches on two sampling occasions
The fish fauna was composed of 10 indigenous species from eight families and three alien species from two families ( Table 2 ). Considerable variation in total fish 230 abundance was observed among waterholes and sampling times (Fig. 2) . The most abundant and widespread species on the two sampling occasions when all fifteen waterholes were sampled, October 2001 (post dry) and April 2002 (post wet), was the bony bream, Nematalosa erebi. This species accounted for at least 40% of the catch on those occasions and was found in 14 of the 15 waterholes (Table 2 ). Other 235 widespread species were yellowbelly (Macquaria ambigua) a n d Hy r t l ' s t a n d a n waterholes, however, there was no consistent temporal pattern within any one reach (Fig. 2) . The main species contributing to large increases in abundance over this period (e.g. at Key, Rocky and Red wa t e r h o l e s ) wa s Hy r t l ' s t a n d a n ( N. hyrtlii) (4,150% increase across the three waterholes). Observed decreases in fish abundance between October 2001 and April 2002 generally occurred in the medium-sized 250 waterholes (e.g. Clear, Glencoe, Woggannorah and Thurulgoona Homestead). These were largely due to the reduced numbers of bony bream (N. erebi) in the three former waterholes (300%), while at Thurulgoona Homestead there was a large reduction in the number of native spangled perch (Leiopotherapon unicolour) and the exotic carp and goldfish (8,500% decrease combined across the three species). 255
Multivariate patterns of fish assemblage structure based on abundance (CPUE) and species richness showed no clear separation among waterholes with the exception of Sandford Park and Quilberry waterholes in the Quilberry reach (Fig. 3) . Noorama waterhole in the Thurulgoona reach was also differentiated from the other waterholes in terms of fish assemblage structure but to a lesser extent than the two large 260
Quilberry waterholes. There were significant differences in fish assemblage structure among some reaches in October 2001 based upon CPUE data (Table 3 ).
In addition, reach differences were also apparent for patterns of both richness and CPUE based on the combined April and October dataset, particularly between Quilberry and Binya reaches (Table 3 , Fig. 3 ). In contrast, fish assemblages could not 265 be differentiated between the two sampling times across all reaches for either CPUE or richness (Table 3) .
No significant variation in multivariate patterns of fish CPUE or species richness across all waterholes could be explained by water chemistry. However, waterhole geomorphology and habitat structure explained some of the variability of CPUE and 270 species richness patterns in both October 2001 and April 2002 (Table 4 ). The variable most commonly associated with these assemblage patterns was waterhole cross sectional area (CSA). In combination with snags (SN) and overhanging vegetation (OV), CSA explained up to 45% of variation in the spatial patterns of waterhole fish assemblages expressed in terms of CPUE and species richness (Table 4 ). The strong 275 association between fish relative abundance and species richness with CSA is consistent with the distributional data showing very low fish numbers and species at waterholes with the highest CSA values (Quilberry, Sandford Park waterhole and had the highest fish abundances (Fig. 2) . 280
Associations between individual species and geomorphological and habitat variables measured at three spatial scales revealed that landscape-scale factors were not in general correlated with the abundance of individual fish species (Table 5 ). The one exception to this was a significant negative association between total floodplain width and goldfish abundance in October 2001. 285
The variables most commonly associated with the abundance of each fish species were those measured at the waterhole scale. For example, a significant amount of the variation in eel-tailed catfish (Tandanus tandanus) abundance on both sampling occasions was explained by waterhole shape. The positive correlation for this catfish with cross sectional area (CSA) and depth of cross section (DCS) and negative 290 association with width to depth ratio (WD) suggest that this species was more likely to be found in higher abundance in large, deeply incised waterholes (Table 5 ). In contrast, the abundances of bony bream (N. erebi) a n d Hy r t l ' s t a n d a n ( N. hyrtlii) were negatively associated with CSA, suggesting that large, deeply incised waterholes were unlikely to support high numbers of these species. Apart from CSA, DCS and WD, 295 other waterhole features correlated with individual species abundances were surface area (A) and wetted perimeter (WP) ( Table 5 ).
Within waterholes, geomorphological factors associated with species abundances were off-take channels (OC), mid-channel bars (MCB) and anabranches (AN). These associations were only evident in April 2002 following summer rains and subsequent 300 river runs when off-take channels would have provided additional wetted habitat for T. tandanus, wh e r e a s b o n y b r e a m a n d Hy r t l ' s t a n d a n s h o we d a n e g a t i v e a s s o c i a t i o n with mid-channel bars and anabranches. When water levels are low to moderate, the presence of bars within the channel and shallow anabranches may act to reduce the amount of wetted habitat for some species. 305
Fish assemblage patterns at Binya reach on four sampling occasions
The longer term fish data collected from the most downstream (Binya) reach, showed that fish assemblages in the four waterholes were consistently similar to each other on all four sampling occasions, with no significant influence of waterhole characteristics on the multivariate patterns of CPUE and richness (Table 3 ). There was, however, 310 significant variation in assemblage structure among sampling occasions for both CPUE and richness (Table 3 (Fig. 5) . A large proportion of the fish collected were in size classes < 60mm S.L. at these times suggesting successful spawning leading to juvenile recruitment by late summer. Similar to the temporal patterns in size structure o b s e r v e d i n b o n y b r e a m, Hy r t l ' s t a n d a n ( N. hyrtlii) also showed some definite periods of recruitment in the same three waterholes, although these were most obvious intandans in May 2003, however, the numbers caught were very low suggesting a very weak spawning response or low survival of larvae and juveniles of N. hyrtlii. (Fig. 7) . There was also some obvious recruitment by May 2003 in the other waterholes, as evidenced by the dominance of fish < 30 mm S.L. (Fig. 7) .
Yellowbelly (Macquaria
The size structure plots for carp (C. carpio) indicate that larger-bodied individuals tended to dominate fish assemblages within the Binya waterhole group with only a 335 few juveniles present ( These two reaches are the most distant in the catchment (see Fig. 1 ) which could suggest that physical distance may influence fish assemblage characteristics or even that the Cunnamulla Weir may impede fish movement between Quilberry and Binya reach. However, two distance measures were used in the BIO-ENV analyses (channel 400 and straight line distance to nearest waterholes) and neither influenced fish abundance and species richness among waterholes. A better explanation of the observed pattern is the major influence of having the two largest and most deeply incised waterholes in the study area -Quilberry and Sandford Park waterholes in the Quilberry reach.
These two waterholes supported the lowest numbers of individuals and species on 405 both sampling occasions. It must also be noted that the other Quilberry waterholes, Clear and Sandford Park Lagoon, supported average abundances and no fewer species than downstream waterholes. This suggests that patterns of waterhole morphology and habitat structure at the landscape scale are more important drivers of fish assemblage structure than physical distance and degree of separation per se. This is 410 consistent with evidence that waterhole scale factors exerted a strong influence on fish diversity and abundance in the Warrego catchment, particularly cross-sectional area (CSA) and the presence of woody material (snags) derived from riparian vegetation.
Thus at the waterhole scale, geomorphology and habitat structure largely explain variations in fish assemblage structure. Large deep waterholes supported fewer fish 415 species and lower abundances, yet may act as key refugia for large-bodied fish such as adult yellowbelly and the catfish, T. tandanus. This could be particularly important under conditions of extended drought (up to 22 months in the Warrego catchment) when smaller waterholes may dry completely and large waterholes provide the only habitat sustaining aquatic species during dry spells between wet periods. Small 420 populations of maturing and adult fish would be significant sources for juvenile recruitment when flows replenish and rejoin isolated waterholes.
Conversely, small shallow waterholes of the Warrego River supported more species and higher abundances per unit area than large-deep waterholes, a pattern that could be driven largely by a greater amount of productive littoral zone and hence, 425 significant potential for increased production of aquatic food resources (Bunn et al.
2003, 2005; Balcombe and Closs 2004; Medeiros 2005). Evidence of the importance
of snags as a waterhole feature associated with variations in fish assemblage structure is also not surprising given that undercut root masses, large fallen logs and smaller woody material represent one of the few ubiquitous aspects of structural heterogeneity 430 in these waterholes. These structural features probably provide significant sites for the production of food resources for fish and also predator refuges for smaller-bodied fish (Wright and Flecker 2004; Crook et al. 1999) . The low abundance of small-bodied fish in the large, deeply incised waterholes may also be explained in part by higher rates of predation from larger predators (fish and birds) due to the relative lack of 435 physical refugia per unit area. Riparian protection to achieve natural delivery of timber and small woody material to waterholes should be an important consideration in the management of this catchment.
Temporal data for Binya reach waterholes showed a high degree of similarity in fish Hence, stochastic patterns of juvenile recruitment among the four waterholes largely influenced temporal variations in fish assemblage structure in the Binya reach. This suggests that non-uniform processes of recruitment operated across these three waterholes. Such variability could be driven primarily by subtle differences in 450 hydrology within this waterhole group, given that within the Binya reach the waterholes we studied were located in three sub-catchments -Mirage Plains Ck, Cuttaburra Ck and Warrego R (see Fig. 1 ).
Recruitment of N. hyrtlii was particularly variable among waterholes, with high numbers of juveniles found only in Rocky, Red and to a lesser extent, Tinnenburra 455 waterholes in April 2002. There is no obvious explanation for this result, apart from the similarity between Red and Rocky holes in that they are small in area, but relatively deep with very hard substrata. Little is known about the breeding biology of this tandan, particularly in the MDB (Pusey et. al. 2004) . Hence, it is not known whether this species spawns preferentially in these peculiar waterholes, or whether 460 larvae/juveniles preferentially move into them during periods of flow, or achieve Connectivity fosters fish movement, colonisation of previously isolated waterholes, a n d p r o c e s s e s a s s o c i a t e d wi t h ' b o o m a n d b u s t ' c y c l e s o f r e c r u i t me n t a n d p r o d u c t i v i t y (Junk et al. 1989; Closs and Lake 1996; Puckridge et al. 1998; Amoros and Bornette 530 2002; Fausch et al. 2002; Sheldon et al. 2002; Arthington et al. 2005) . We conclude that it will be particularly important to maintain the natural quantities and timing of channel freshes and higher flow events that inundate backwaters, as these flows evidently achieve hydrological connectivity and drive ecological processes that sustain the diversity, recruitment and population dynamics of native fish species in the 535 Warrego catchment. Furthermore, as it is part of a relatively undisturbed catchment, the Warrego River may serve as a model for further investigation of ecological processes sustaining native fish in variable environments.
on fish diversity in a Venezuelan piedmont stream. Biological Conservation 120, 437-447. Tables Table 1 Warrego 
Plotosidae
Neosilurus hyrtlii (Steindachner, 1867) Hy r t l ' s t a n d a n 6 (9) 41 (12) abundance/diversity with geomorphological (codes given in Table I ) and water 720 chemistry variables (Tur = turbidity, ToH = total hardness, Sil = silicates, TC = total carbon, TSS = total suspended solids, N:P = nitrogen:phosphorus ratio).
Sampling time Factor
Fish species, r s (p) Ba rw on R.
B a lo n n e R . Ba rw on R.
B a lo n n e R . 
